Cardiac ablation is increasingly used to interdict the complex propagation of excitatory waves during atrial fibrillation. While such procedures are useful, they can often fail. Here we use fluorescence imaging to observe the electrical activity of an ablated porcine heart. We find that, while ablation lines do attenuate cardiac waves, the attenuation is incomplete. A remnant of the incident wave survives passage through the ablation barrier, albeit as a subthreshold signal. More importantly, we have found that these subthreshold signals may add constructively and thereby dynamically reduce the effective attenuation, an effect which we call "dynamic transmurality". We suspect this as a factor in the persistence of arrhythmia after ablative procedures.
Atrial fibrillation (AF) is an irregular heart rhythm that increases the risks of stroke and death [Benjamin et al., 1998; Nattel, 2002; Wolf et al., 1991] . It is the most common heart arrhythmia and affects over two million people in the US alone. Advances in technology have led to a tremendous increase in catheter and surgical ablation procedures for treating AF [Cox, 2000; Damiano, 2002; Haissaguerre et al., 1998; Oral et al., 2003 ]. The rationale is that burning completely through the tissue (transmural ablation) creates electrical barriers that, in theory, completely block electrical conduction and break up the large-scale electrical wave circulations (macroreentrant circuits) that sustain AF [Nattel, 2002] . Epicardial ablations, typically performed during open-heart surgery, are generally created by either unipolarly-or bipolarly-delivered radio-frequency energy. Yet AF can recur after such procedures.
Such recurrence underscores our poor understanding of the mechanisms by which ablations fail.
In this study we use optical mapping techniques in perfused porcine atria, which provide high temporal and spatial resolution and which allow quantitative measurement of the spatiotemporal dynamics of the interactions between excitatory waves and ablation lines created by radiofrequency energy. We experimentally demonstrate that cardiac excitation waves attenuate, yet are detectable for a significant distance across a transmural ablation line. We find that such attenuated waves interact with waves coming from the opposite side of the ablation line. If two opposing subthreshold waves are in phase, their respective amplitudes add constructively, effectively reducing the wave attenuation. Such dynamic transmurality provides a possible mechanism for the persistence of arrhythmia where none should be able to exist.
Under an IACUC approved protocol, porcine hearts were explanted from 25-50 kg animals after anesthetization with ketamine and inhaled isoflurane. The hearts were arrested with cardioplegia and perfused with Krebs solution via the coronary arteries using an oxygenator/heat exchanger. The left anterior descending artery was ligated and the right and left circumflex coronary arteries were individually cannulated and perfused. Ligating epicardial coronary arteries in the atrioventricular groove and excising the ventricles isolated the atrium.
The heart was allowed to rest for 5-10 minutes between surgery and dye infusion; sinus rhythm generally re-establishes itself spontaneously. The atrial preparation is maintained at 37 • C by heating the perfusate and the ambient air within a vibration-isolated enclosure. An electromechanical dissociation agent, butanedione monoxime, at a concentration of 200 mM, is infused at 1/40 the perfusate flow rate and increased as needed to eliminate movement of the heart. Additionally, 200 ml of a 100 mM solution of di-4-ANEPPS is added at 1/10 the flow rate. Di-4-ANEPPS [Nygren et al., 2003; Wu et al., 1998; Zochowski et al., 2000] a voltagesensitive dye, absorbs light in the green band (350-550 nm) and fluoresces in the orange (550-800 nm) proportionally to the membrane potential of cardiac myocytes [Wu et al., 1998; Zochowski et al., 2000] . In the experiments, the left atrium is typically used.
A six watt CW Nd:YAG solid-state laser (Verdi V6: 0.05% rms noise) illuminated the myocardium at a frequency of 532 nm. An optical band-pass filter (∼80-90% transmittance at 570-700 nm) passed only the fluoresced light to a high-speed CCD camera. The 80 × 80-pixel SciMeasure CCD camera [model SAS-LJCCD-39BT-14] captured changing fluorescent images at 1000 frames/second (fps) with photon efficiency of greater than 80% at the received band. The visual field was ∼3 cm × 3 cm with each pixel capturing fluorescence from an area of ∼0.36 mm 2 . A clinical pacer (Intermedics Compupace model 524-01) paced the atrium at rates close to natural frequency (60-100 beats per minute (bpm)). To create an experimental model of fibrillation, acetylcholine was infused via the perfusate at concentrations of 1 × 10 −7 to 5 × 10 −6 M, allowing re-entry (the circular wave patterns associated with AF) to be initiated by electrical burst pacing at currents from five times the diastolic threshold up to 99 mA using a high frequency (200-300 bpm) clinical pacer.
The signal from the camera was captured and processed. Typical optical mappings expand dynamic range on a pixel-by-pixel basis to elucidate the excitatory waves [Witkowski et al., 1998 ]. However, we are interested in the relative amplitudes of signals as they cross ablation lines. Consequently, we implemented a pixel-by-pixel band pass filter with selection parameters based upon Recurrence Quantification Analysis (RQA) [Furman et al., 2006] . Such processing produces images with enhanced signal/noise ratios while preserving relative amplitudes.
Ablation lines were created through the bipolar delivery of radio frequency energy to the tissue with an Atricure ablation and sensing unit and handpiece (models ASU2 and LHP2). Such AC radio frequency energy heats the atrial tissue, creating a thermal injury between the electrode clamps of the Atricure device. Energy was delivered at 75 volts and 750 milliamps until the tissue conductance between the electrodes decreased and achieved a steady-state for two seconds [Gillinov & McCarthy, 2002] . Recent studies reveal this creates a transmural ablation line of approximately 1-2 mm width [Gaynor et al., 2004] . in Fig. 1 (a) demonstrate that excitation waves attenuate across the ablation line and become subthreshold -i.e. the signal voltage is decreased sufficiently to prevent it from activating cells in the wave's path. This subthreshold wave exists for several millimeters beyond the ablation line. Similar waves coming from the other side of the ablation line are seen interacting with an opposing wave [ Fig. 2(a) ] and influencing excitation propagation and morphology across the ablation line. The time series in Fig. 2(d) illustrate that two opposing subthreshold waves, depending on their phase, can constructively reinforce each other to form a larger subthreshold wave.
We plot the amplitude versus time for a line of pixels across the ablation line to visualize the penetration of attenuated waves. Figure 2(b) demonstrates the interaction between a sinus wave on one side of an ablation line with a paced wave on the opposing side. When both waves are in phase, their amplitudes add across the ablation line. Figure 2 (e) enlarges a portion of Fig. 2(b) , highlighting the amplitude difference across the ablation line as the waves become out of phase. We quantify the attenuation of waves as they cross the ablation line in Fig. 2(f) , showing the maximum amplitude of a line of pixels perpendicular to the ablation line for three cases: (1) opposing waves in phase; (2) opposing waves out of phase; and (3) only the sinus wave is present (in the absence of pacing). Comparing a single attenuated sinus wave with an attenuated sinus-wave-in-phase-with-pacing on the other side, we see that approximately 0.5 mm before the sinus wave encounters the middle of the ablation line (and the greatest attenuation), the attenuation slows and reverses. Comparing sinus in-phase with pacing to sinus alone or to pacing alone, the attenuation rates are similar near the ablation line, but the signal amplitudes from sinus in-phase with pacing are higher than for sinus alone or pacing alone within a few millimeters of the ablation line.
Wave amplitude attenuation averaged across multiple unablated and ablated atria (in sinus, with and without pacing, but always out of phase when both are present) is shown in Fig. 2(c) . Attenuation rates were compared between unablated sinus rhythm; ablated sinus rhythm without pacing; ablated sinus rhythm with pacing; and appendage pacing. The average attenuation for sinus rhythm, whether or not pacing is present, is approximately the same.
A similar analysis was performed on atria where fibrillation was present in the main body of the atrium while pacing the appendage. Time series transverse to the ablation line are shown in Fig. 3(a) for the regime with fibrillation on one side of the ablation line and pacing on the other. The lower two traces show fibrillation, the middle trace mixed fibrillatory and pacing activity very close to the ablation line, and the upper two traces the more dominant pacing activity with subthreshold components which are related to the main body fibrillatory activity. In Fig. 3(b) , the paced appendage signal is stronger than the lower-amplitude fibrillation signal. The paced signal carries over into the fibrillating main body. Since the fibrillation is lower amplitude and spatiotemporally more complex, it is correspondingly difficult to see it traverse the ablation line. Figure 3 (c) illustrates a comparison of the attenuation rates of fibrillation, pacing and sinus rhythm. While we see that the sinus rhythm has a similar attenuation rate to the pacing, the fibrillation attenuation rate is much larger. Table 1 shows exponential fits of attenuation curves shown in Figs. 2(c) and 3(c) across animals and experiments. The average attenuation for sinus rhythm, regardless of pacing across the ablation line, is approximately the same. Compared to sinus and paced rhythms, fibrillatory signals attenuate more.
The results of this optical mapping study demonstrate that, while excitatory waves attenuate upon interaction with an ablation line and proceed only a short distance past the line, they Figs. 2(c) and 3(c)); ablation line with sinus rhythm on one side and no pacing on the other (magenta line in Figs. 2(c) and 3(c)); ablation line with sinus rhythm on one side (blue line in Fig. 2(c) ) and paced on the other (red line in Fig. 2(c) ); and ablation line with fibrillation on one side (blue line in Fig. 3(c) ) and pacing on the other (red line in Fig. 3(c) remain strong enough to interact with waves coming from the opposite side of the ablation line. If the two opposing waves are in phase, their respective amplitudes add constructively and dynamically reduce the effective attenuation -an effect we call dynamic transmurality. Paced, sinus and fibrillatory waves all attenuate, yet are detectable at subthreshold levels a significant distance across a transmural ablation line. The prevalence of postoperative atrial fibrillation and its reappearance after ablation procedures indicate that our existing mechanistic understanding of the interaction of cardiac waves and ablation lines is incomplete. The leakiness of these barriers, despite their transmurality, is now clear and the attenuation curves presented here will aid in the refinement of data-driven cardiac ablation models. Further investigation should be done to establish the role of dynamic transmurality as a primary or contributory factor in the persistence of arrhythmia.
